Attempts are made to measure activities of both components of a binary alloy (A-B) at 650 K using a solid-state galvanic cell incorporating a new composite solid electrolyte. Since the ionic conductivity of the composite solid electrolyte is three orders of magnitude higher than that of pure CaF2, the cell can be operated at lower temperatures. The alloy phase is equilibrated in separate experiments with flourides of each component and fluorine potential is measured. The mixture of the alloy (A-B) and the fluoride of the more reactive component (BF2) is stable, while (A-B) + AF2 mixture is metastable. Factors governing the possible use of metastable equilibria have been elucidated in this study. In the Co-Ni system, where the difference in Gibbs energies of formation of the fluorides is 21.4 kJ/mol, emf of the cell with metastable phases at the electrode is constant for periods ranging from 90 to 160 ks depending on alloy composition. Subsequently, the emf decreases because of the onset of the displacement reaction. In the Ni-Mn system, measurement of the activity of Ni using metastable equilibria is not fully successful at 650 K because of the large driving force for the displacement reaction (208.8 kJ/mol). Critical factors in the application of metastable equilibria are the driving force for displacement reaction and diffusion coefficients in both the alloy and fluoride solid solution.
I. INTRODUCTION
In the experimental measurement of Gibbs energies of solids, equilibria involving the stable phases have been traditionally exploited. Generally, Gibbs energy measurements are carried out at elevated temperatures where equilibrium can be attained in reasonable time. At the temperatures of the experiment, metastable phases transform to stable ones. Thus Gibbs energies of interesting metastable phases such as metallic glasses and quasicrystals have eluded experimental determination.
In one of the commonly used methods for the study of alloy systems, the alloy (A-B) is equilibrated with a compound of the most reactive component with a nonmetallic element (BX2) and the equilibrium partial pressure of the nonmetallic species (X2) is determined experimentally using gas analysis or emf techniques. The partial molar free energy of the most reactive element is determined from experiment and that of the noble component is derived from the Gibbs-Duhem relationship. Alternatively, the integral property can be obtained by integration. This procedure gives reasonable accuracy for binary systems. However, in higherorder systems a very large number of experimental measurements are required to obtain sufficiently accurate data by integration. In practice, the accuracy of the integral free energies obtained by this method decreases with the number of components in the system. Accurate data on integral free energies are required for computation of phase diagrams. Since it is difficult to generate these data from the measurement of the activity of the single component in multicomponent systems, methods must be developed to measure activities of all components. One promising technique that has been developed recently is multiple Knudsen cell-mass spectrometry, where a number of species in equilibrium with an alloy can be monitored simultaneously.1 However, vapor pressure techniques are limited to high temperatures where intersting metastable phases decompose.
Over the last two decades solid-state galvanic cells have been widely used for thermodynamic measurements on solids.2 Recently, it has been shown that both homogeneous and heterogeneous doping can enhance the conductivity of the electrolyte by two to three orders of magnitude.3 It is therefore possible to employ solidstate cells at lower temperatures4 where metastable phases can persist for periods longer than that required for experiment. The purpose of this communication is to explore the use of metastable equilibria for determination of Gibbs energies of formation of solids. A binary alloy A-B is equilibrated in separate experiments with fluorides of A and B. An equilibrium involving the alloy and AF2 is metastable, while a mixture of alloy and BF2 is stable. If both equilibria can be measured, then activities of both components can be independently obtained. The validity of the measurement can be tested against the Gibbs-Duhem relation. Fluorine potentials corresponding to both stable and metastable equilibria are measured with a solid-state cell incorporating CaF2 heterogeneously doped with CeO2 _ x as the solid electro-lyte. This composite solid electrolyte has been shown to be predominantly a fluorine ion conductor.3 The emf of the cell is a valuable indicator of the decay of metastable phases. The systems chosen for study are Co-Ni and Ni-Mn alloys at 650 K. The difference in the Gibbs energies of formation of CoF2 and NiF2 is only 21.4 kJ/ mol, while the driving force for the displacement reaction is 208.8 kJ/mol in the Ni-Mn system at 650 K.
II. EXPERIMENTAL

A. Materials
Ultrapure anhydrous CaF2 (99.999%) powder was supplied by Apache Chemical Company. The cerium oxide powder of 99.9% purity was prepared by precipitation from solution and subsequent calcination was done at 1400 K in air. The average particle size of CeO2 x powder was 0.01 fim. The oxide-dispersed solid electrolyte was prepared by mixing CaF2 powder and CeO2 _ x in an agate mortar. The CaF2 pellets containing 4 mol % CeO2 _x in dispersed form were made from the intimate mixture by double end compression. The composite solid electrolytes were made by sprinkling a small amount of pure CaF2 over the lower steel plunger, then the required amount of CaF2 containing 4 mol % CeO2 _ x mixture was added, followed again by sprinkling pure CaF2 powder in the steel die. The upper steel plunger was then inserted and compressed to 200 MPa. The result was a composite pellet of CeO2 _ x -dispersed CaF2 with a coating of pure CaF2, approximately 30 /mi in thickness, on the two flat surfaces. The pellets were sintered under prepurified argon at 1500 K for 50 h. The average size of CaF2 grains after sintering was 27 /xm. The argon gas, 99.999% pure, was dried by passing it through magnesium perchlorate and then through soda asbestos for removal of CO2. The gas was subsequently deoxidized by copper at 750 K and titanium at 1150 K. The samples were examined by scanning electron microscopy and x-ray diffraction.
Powders of manganese, cobalt, nickel, manganese fluoride, cobalt fluoride, and nickel fluoride, all of Puratomic grade, were obtained from Johnson Matthey Chemicals. Reference electrode pellets containing an equimolar mixture of Ni + NiF2, Co + CoF2, and Mn -\-MnF2 were prepared by compression in a steel die. The alloy electrodes were prepared by mixing the alloy with the appropriate fluoride in the molar ratio 2:1 followed by compaction and sintering at 1000 K for 100 ks in argon gas.
B. Apparatus and procedure
A schematic diagram of the apparatus is shown in Fig. 1 . The electrode pellets were spring loaded on either side of the solid electrolyte by a system made up of alumina slabs and tubes as shown in the figure. The gas phase around each electrode was separated by an alumina tube that was pressed against the dispersed CaF2 pellet with a gold O-ring in between. The separation of the gas over each electrode was to ensure that no vapor phase transport of species occurred from one electrode to the other. Separate streams of purified argon gas were flown past each electrode. Initially, flow rates were in the range of 4 ml s^1 but were reduced to 0.2 ml s"1 after the apparatus was compeletly purged. Electrical contacts to electrode pellets were made by platinum. The cell was enclosed in an outer alumina tube that was suspended in a vertical Kanthal resistance furnace. The cell was electrically shielded by a Kanthal tape wound round the outer alumina tube and earthed. The temperature of the furnace was controlled to + 1 K . The temperature was measured by a calibrated Pt/ Pt + 13% Rh thermocouple. The emf of the cells was measured by a Keithley digital electrometer (model 617) with an impedance exceeding 1012 ft. The emf's were independent of the flow rate of the inert gas at the experimental temperature. The emf's of the following cells were measured at regular intervals of time as a function of alloy composition: I:Pt,Ni + NiF2/CaF2 + 4%CeO2 _x/ C o^N i , . , +NiF2,Pt, II:Pt,Co + CoF2/CaF2 + 4%CeO2 _x/ Co Ni,_ +CoF2,Pt, + NiF2/CaF2 + 4%CeO2_;t/ i ,^ +NiF2,Pt, IV:Pt,Mn + MnF2/CaF2 + 4%CeO2 __,/ Mn^Nij.^, +MnF2,Pt.
III. RESULTS AND DISCUSSION
The variation of emf of cell I with time at 650 K is shown in Fig. 2 . The emf is larger for Co-rich alloys. The emf is constant for an initial period and then decreases continuously as a function of time, eventually assuming negative values. The period of time over which the emf remains constant is a function of alloy composition. Alloys containing large concentrations of cobalt are associated with smaller periods during which the emf s remain constant. Experiments with a few alloys at 800 K showed a similar pattern, but the period over which emf remains constant was reduced by a factor of 3. The decay of emf is probably due to a displacement reaction of the following type: (1) for which4'5 AG?n = -10 330 -17.0871 J/mol.
As a result of the displacement reaction, the alloy at the alloy-fluoride interface gets depleted in cobalt and the fluoride phase gets enriched in cobalt. Both these changes would decrease the partial pressure of fluorine in equilibrium with the alloy and the fluoride phase, as evident from the equilibrium Ni(alloy) +F2(g)-.NiF2(s.s.). 
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The decrease in emf can be taken as an indication of the extent of the displacement reaction. If the alloy and the fluoride phases were to come to complete thermodynamic equilibrium then the emf should approach a constant negative value. Results shown in Fig. 2 indicate that this is not achieved in 520 ks. The tie-line distribution between the alloy and the fluoride solid solution for the Co-Ni-F system at 650 K can be computed from the free-energy change for reaction (1) and mixing properties for the alloy and fluoride solid solutions. The excess free energy of mixing for the alloy phase is given by6
The activities in the fluoride solid solution have been measured at 1373 K7 and can be represented by a regular solution model with
The computed equilibrium phase diagram at 650 K is shown in Fig. 3 . The corresponding equilibrium fluorine potential calculated using Gibbs energies of formation of NiF2 (Ref. Time dependence of emf of cell II is displayed in Fig. 5 . The emf appears to be independent of time for y > 0.44. Figure 3 indicates that the concentration of the fluoride solid solution in equilibrium with alloys for y > 0.44 is greater than 98 mol. %. Therefore the extent of displacement reaction is negligible. For alloy compo- sitions with y < 0.44, emf is constant for up to 220 ks, after which there is a slight decrease (1-2 mV). The fluoride solid solution in equilibrium with alloy for y < 0.44 contains increasing amounts of NiF2. Hence the extent of the displacement reaction increases with decreasing y. This probably accounts for the small decrease in emf with time for Ni-rich alloys. From the constant values of the emf, the activity of cobalt can be computed:
The activity of Ni and Co obtained from emfs of cells I and II at 650 K are summarized in Table I and on Co-Ni alloys using stable and metastable equilibria can be verified using a modified form of the Gibbs-Duhem equation,
Graphical demonstration of the compliance to GibbsDuhem relation is shown in Fig. 7 . The positive and negative areas in the plot are equal. This clearly demonstrates that accurate values for activity of Ni in binary Co-Ni alloys can be measured using metastable equilibria.
The time dependence of emf of cell III at 650 K is shown in Fig. 8 for y = 0.08 and 0.14. Both these compositions fall within the single-phase field of Ni-rich solid solution. The emf initially increases with time, exhibits a maximum, and then decreases with time until a minimum is reached, whereafter it increases again. It is difficult to understand the initial increase in emf unless the surface of the alloy powder was mildly oxidized. The oxidized layer could initially function as a very thin insulating layer between the alloy and the fluoride delaying establishment of alloy-fluoride equilibrium. The decrease in emf is most likely due to the displacement reaction, 
Since the emf is a measure of the fluorine potential at the alloy-fluoride interface, its value is governed by interfacial composition of the alloy and fluoride solid solution. This composition is controlled either by the rate of displacement reaction or by diffusional processes in the alloy or the fluoride solid solution. Diffusion equations can be formulated for calculating the interfacial concentration of the alloy and the fluoride phase assuming a semi-infinite alloy and fluoride phase and a stationary reaction interface. For onedimensional diffusion in the alloy, 
The initial conditions arê A(alloy) -^A(alloy)» a t T < 0 , t -0, -*B(alloy) = ^*B(alloy)> a t T < 0 , t = 0,
and the boundary conditions are v =^k(aiioy). a t r = 0, t>0, = A!" {,,"""",, a t r = 0, ?>0,
A ( V dr (22) where F^ and V'^ are the molar volumes of the alloy and the fluoride solid solution, respectively. If the local equilibrium condition is satisfied for the displacement reaction at the interface, then 
Substitution of Eqs. (17)- (20) into (22) yields The interfacial concentrations of A and B can be computed by solving Eqs. (23) and (24) using values for diffusivities, molar volumes, equilibrium constant for the displacement reaction, and the activity coefficients as a function of concentration in the alloy and fluoride solid solution. Since diffusion coefficients for the alloy and fluoride solid solution are not known for the Ni-Mn system under investigation the emf cannot be calculated at the present time.
Although strict physical interpretation cannot be given to the maximum value of emf of cell III, it is interesting to compare the activity of nickel computed using this value with the evaluated thermodynamic data for the Ni-Mn system.8 Table II XlO"5 not be judicious to use the maximum value of emf for computation of thermodynamic properties without further verification. Since the maximum value is determined by the balance between two competing processes, it will not be directly related to thermodynamic data in the general case. The emf of cell IV is plotted as a function of time in Fig. 9 . It is seen that the emf remains constant as expected over a long period. The mixture of alloy and MnF2 is thermodynamically stable and displacement reaction does not occur. The activity of manganese calculated from emf are given in Table III Hultgren et al.8 and those derived from liquid data.10 The free-energy changes for phase transitions in pure Mn were taken from the compilation of Hultgren et al.12 for conversion of standard states.
IV. CONCLUSIONS
It has been shown that metastable equilibria can be used for determination of thermodynamic activity in alloy systems when the driving force for the displacement reaction is relatively small as in the Co-Ni system. When the driving force is large, as exemplified by the Ni-Mn system, the emf is time dependent and no exact determination of thermodynamic properties is possible. However, activity of Ni calculated from the maximum value of emf corresponding to metastable equilibria does correlate with literature data for this system. Caution should be exercised in generalizing this finding. In multicomponent alloys, several metastable states and corresponding displacement reactions are possible that would further complicate interpretation of the maximum value of emf. In principle it should be possible to obtain constant emf's even for systems associated with a large free-energy change for displacement reaction provided temperature of measurement can be lowered further. This may be feasible in the near future with the use of solid electrolytes with combined homo-hetro doping. Incorporation of aliovalent ions as a solid solution and a dispersed second phase can be used synergetically to achieve greater enhancement in ionic conductivity.13
